The interactions of polycationic antibiotics with lipopolysaccharide (LPS) isolated from parental and polymyxin-resistant strains of Salmonella typhimurium and Escherichia coli were measured by using a cationic spin probe. Electron spin resonance spectra indicated that increasing concentrations of cations competitively displaced probe from LPS aggregates. Polymyxin B and other cations displaced less probe from LPS of porymyxin-resistant strains than from LPS of the parental strains, whereas the same amount or more probe was displaced from isolates of the mutants by the structurally similar antibiotic, EM 49 (octapeptin). In general, the differential affinities of these antibiotics for LPS correlated with their antibiotic activity in vivo, suggesting that resistance results from a decrease in antibiotic permeability across the outer membrane due to alterations in the LPS which affect antibiotic binding. The alterations in the structure of LPS from the polymyxin-resistant mutants of E. coli were characterized using 31P nuclear magnetic resonance spectroscopy. The results suggested that esterification of the core-lipid A phosphates is responsible for increased resistance to polymyxin B and that this alteration is different from that previously proposed for the S. typhimurium strains.
The interactions of polycationic antibiotics with lipopolysaccharide (LPS) isolated from parental and polymyxin-resistant strains of Salmonella typhimurium and Escherichia coli were measured by using a cationic spin probe. Electron spin resonance spectra indicated that increasing concentrations of cations competitively displaced probe from LPS aggregates. Polymyxin B and other cations displaced less probe from LPS of porymyxin-resistant strains than from LPS of the parental strains, whereas the same amount or more probe was displaced from isolates of the mutants by the structurally similar antibiotic, EM 49 (octapeptin). In general, the differential affinities of these antibiotics for LPS correlated with their antibiotic activity in vivo, suggesting that resistance results from a decrease in antibiotic permeability across the outer membrane due to alterations in the LPS which affect antibiotic binding. The alterations in the structure of LPS from the polymyxin-resistant mutants of E. coli were characterized using 31P nuclear magnetic resonance spectroscopy. The results suggested that esterification of the core-lipid A phosphates is responsible for increased resistance to polymyxin B and that this alteration is different from that previously proposed for the S. typhimurium strains.
In both cases, however, resistance was the result of modifications that result in a less acidic lipid A.
Gram-negative bacteria are resistant to many antibiotics and detergents as a result of the inability of these compounds to traverse or perturb the outer membrane (12, 18) . Hydrophobic antibiotics are poorly, effective except on deep rough mutants in which the lipopolysaccharide (LPS) is greatly deficient (17) or on certain other so-called antibioticsupersensitive mutants (18) . This natural resistance is believed to be due to the presence of the anionic LPS, which forms a rigid, highly charged surface on the outer monolayer of the outer membrane (12, 17) . Unlike hydrophobic antibiotics, many cationic antibiotics inhibit the growth of gramnegative bacteria. The initial action of cationic-antibiotics may be the disruption of outer membrane integrity through interaction with LPS.
*Both aminoglycosides and polymyxinlike peptides have been found to bind to the outer menmbrane (9, 27, 34, 35) , induce sloughing of the outer membrane (10, 19, 21, 24) , and increase the permeability of the outer membrane to proteins and hydrophobic compounds (9, (29) (30) (31) . In addition, these cationic antibiotics bind to and perturb the packing arrangement of isolated LPS (1, 19, 23) , suggesting that their site of interaction on the outer membrane is LPS. Thus, resistance to such compounds could arise through changes in LPS structure. Assuming that cationic antibiotics are electrostatically attracted to the high concentration of negative charge in the LPS core-lipid A region, resistance might be achieved by decreasing the negative charge, either by loss of phosphate moieties or by esterification of the phosphates. This hypothesis is supported by studies of cells and isolated LPS from polymyxin-resistant mutants of Salmonella typhimurium (15) which were shown to bind less polymyxin B (32, 33) and to have increased levels of arabinosamine, presum-* Corresponding author. (32) .
We examined LPS from parental and polymyxin-resistant mutant strains of Escherichia coli to determine whether resistance is due to a change in the binding of cationic antibiotics to LPS in a manner similar to that previously observed with polymyxin-resistant strains of S. typhimurium. The LPS from mutants of S. typhimurium, in which the LPS alteration has been characterized (32), as well as from parental and polymyxin-resistant mutant strains of E. coli, SC9251, SC9252, and SC9253 (16), was studied. To measure differential binding of cationic compounds to LPS from parental and mutant strains, we used the cationic spin probe, CAT12 (3, 4) . Upon the addition of competitive cations, the amount of free and LPS-bound probe detected by electron spin resonance (ESR) spectroscopy indicated the relative binding abilities of the added cations for LPS (19) . In addition, the motion of the bound probe provided an index of changes in LPS head-group packing. Analysis of the partitionihg of this probe onto LPS isolated froni polymyxinresistant and -susceptible strains indicated that the LPS from the resistant strains bound less polymyxin B but that the polymyxin B which did bind induced alterations in LPS packing similar to those observed with LPS from susceptible strains. 31P nuclear magnetic resonance (NMR) analysis was then used to define differences in the phosphate substituents on the E. coli LPS. This technique can identify both monoand diphosphates and distinguish between mono-and diesters (22, 26 The magnesium salt of LPS isolates (MgLPS) was formed by dialysis of NaLPS against 10 mM MgCl2, followed by distilled water. LPS of parent-mutant pairs was dialyzed simultaneously to decrease the effect of variation of ion content between preparations. Samples were lyophilized and stored at -20°C. Partitioning of spin probe. ESR spectroscopy was done with a Varian X-band spectrometer (model E-112). Sample temperature, held at 37°C, was measured with a thermocouple placed within the cuvette. Cation titrations of LPS were performed by using the spin probe 4-dodecyldimethylammonium-1-oxyl-2,2,6,6-tetramethylpiperidine bromide (CAT12) added to LPS at an 18:1 (LPS: probe) molar ratio in 50 mM KOH-HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.0). Upon the successive addition of cations to samples of LPS, the spectra were analyzed for 2T11, the hyperfine splitting parameter, whose value is an indicator of probe mobility, and for 4i, the partitioning of probe between aqueous (F) and LPS-bound (B) environments, calculated using the equation:
=i -og,
where Ci = (B)/(F) with no added ions (4). 31P NMR measurements. Samples were prepared for NMR analysis by dissolving 40 mg of NaLPS in 2.0 ml of D20 containing 40 mg of sodium dodecyl sulfate (SDS) and 10 mM EDTA. The pH of the samples was adjusted with NaOD and DCl and is reported as the uncorrected pH meter reading. To create a uniform suspension, NMR samples were sonicated for 10 min using a Branson model 220 bath sonicator.
31P NMR spectra were recorded on a General Electric GN-300 NMR spectrometer using a broadband probe tuned to a frequency of 121.48 MHz. Typically, 1,000 free induction decays were collected with a spectral width of 4,400 Hz. To allow for an accurate measurement of the areas of the 31p NMRs, spectra were acquired with a long delay (5 s) between scans and with the proton decoupler gated on only during acquisition. Efficient proton decoupling was achieved with the MLEV-64 pulse sequence (13) using a 900 proton pulse of 109 ,us. 31P NMR chemical shifts are referenced relative to external phosphoric acid (85%) (36) .
SDS-PAGE. Gels for SDS-polyacrylamide gel electrophoresis (PAGE) were prepared and run as described previously (20) , using the buffer system of Laemmli (11) and the silver staining procedure of Dubray and Bezard (7). The separating gel was formed with 15% acrylamide and 0.1% SDS, with a 7.5% acrylamide stacking gel.
Chemical analysis. Inductively coupled plasma emission spectroscopy of wet-ashed LPS samples was used to quantitate phosphorus and metal ion content as described previously (5). Levels of 2-keto-3-deoxyoctulosonic acid (KDO) were quantitated by the thiobarbituric acid assay (6).
Chemicals. EM 49 (octapeptin; 16) was a gift of the Squibb Institute, Princeton, N.J.; polymyxin B nonapeptide (PMBN) was a gift of M. Vaara (30) ; polymyxin B sulfate was purchased from Sigma Chemical Co., St. Louis, Mo.; and CAT12 was synthesized as previously described (3) . All other chemicals were of reagent grade or better.
RESULTS
The native LPS isolates were charge neutralized predominantly by calcium, magnesium, and sodium ions. The levels of magnesium to phosphate were consistently higher in the parental strains than in the resistant strains; in addition, in LPS from the S. typhimurium strains levels of calcium to phosphate were lower than in the parental strains. Because the ion content of the different preparations of native LPS may be affected by the growth medium and isolation procedures, uniform magnesium salts of each isolate were prepared. MgLPS was shown previously to have physical properties similar to those of native LPS (4 31P NMR experiments with the E. coli LPS isolates were done to determine differences in the types of phosphate present in the parental strain as compared with the polymyxin-resistant strains. The 31P NMR spectra of LPS isolated from the different strains are shown in Fig. 1 not shown), the types of phosphate present in the LPS of each strain were characterized. As indicated in Fig. la , LPS from the parental strain contained several different types of phosphates in roughly equal amounts (phosphomonoesters, 30%; phosphodiesters, 20%; diphosphomonoesters, 20%; diphosphodiesters, 30%). In contrast, the 31P NMR spectra of the two polymyxin-resistant strains (Fig. lb and c) indicated that approximately 90% of the phosphate present was in the form of diphosphodiesters. Presumably, the increased amount of phosphodiester groups in the samples from the polymyxin-resistant strains arose through esterification of the monoesters observed in the spectrum of LPS from the parental strain.
SDS-PAGE of LPS from the E. coli strains revealed three closely spaced bands which reflect subpopulations of LPS differing in size or charge (Fig. 2) . LPS from both of the resistant strains showed decreased staining of the fastest migrating bands as compared with that of the parental isolate, suggesting differences in the relative amounts of the LPS subpopulations between strains. Similar increases have been detected in the levels of the slower-migrating band of LPS from polymyxin-resistant mutants of S. typhimurium as compared with their parental isolates (32) .
An ESR probe, CAT12, was used to measure differences in cation binding to LPS from the parental and mutant strains. Scatchard analysis of CAT12 binding to the E. coli LPS suggested that for all three strains there were approximately three probe binding sites per LPS molecule. In strains SC9251 and SC9252, there were a high-affinity site with a Kd of approximately 0.3 ,uM and two apparently identical loweraffinity sites, each with a Kd of approximately 1.8 ,uM (Fig.  3) . Scatter in the data for strain SC9253 prevented accurate determination of the number and Kd for the high-affinity site, although the Kd for the low-affinity site and total number of sites were identical to that of strain SC9252. These Kds are similar to those previously found for polymyxin B (23) and PMBN (34) binding to LPS and outer membranes of S. typhimurium by other methods. At the low probe concentrations used in the antibiotic titration experiments described below, most of the probe should initially be bound to the high-affinity sites.
ESR studies suggested a decrease in the binding of polymyxin B to LPS of the polymyxin-resistant mutants as compared with LPS from the parental strains. Using native LPS from the S. typhimurium strains, the addition of peptide compounds polymyxin B, PMBN, and EM 49 displaced high levels of CAT12 from the LPS samples, as indicated by the large increase in ij, suggesting that these antibiotics have a high affinity for LPS (Fig. 4) . Similar results were obtained when using the MgLPS from the same strains. The antibiotic-induced CAT12 displacement from LPS did not appear to depend on the salt form used and gave comparable results for both the native and magnesium salts. Less probe was displaced by polymyxin B and its deacylated derivative PMBN from the LPS of the polymyxin-resistant strains as compared with LPS from the parental strain, as indicated by the lower maximal level of Pij (Fig. 4) . In contrast, EM 49, an antibiotic to which the mutant strains are more susceptible (26), displaced similar or greater amounts of probe from LPS isolated from the polymyxin-resistant mutants as compared with that from the respective parental strains. These results reflect the antibacterial activity of these compounds and confirmed the results of studies measuring antibiotic binding to S. typhimurium LPS by other techniques (29) . The amount of probe displaced from LPS by added cations showed slight variability between preparations, and the same differences in the effect of added cations were observed between strains. To minimize batch-to-batch variations, parent-mutant pairs were dialyzed against the same solutions, and spectra of simultaneously prepared samples were highly reproducible.
The competitive displacement of CAT12 from native LPS and MgLPS of the E. coli strains by polymyxin B was similar to that observed with S. typhimurium LPS (Fig. 5A and B) . Polymyxin B displaced more CAT12 from LPS of the E. coli parental strain than from LPS of either resistant strain, whereas EM 49 displaced similar levels of CAT12 from LPS of both the parental and resistant strains (Fig. SC) . As with the S. typhimurium strains, the E. coli polymyxin-resistant strains are more sensitive to EM 49 than is the parental strain (16) . In addition, both the polyamine, spermine, and the aminoglycoside, gentamicin, displaced greater amounts of CAT12 from native LPS of the parental strain than from LPS of the resistant strains (data not shown). Thus, LPS from the resistant strains appears to have a lower affinity for many polycations but not for EM 49.
The relative motion of the LPS head-group region was measured by the motion of the spin probe in LPS aggregates. The addition of increasing concentrations of all antibiotics decreased the motion of the spin probe in LPS of all strains examined (e.g., see Fig. 6 ), suggesting either a decrease in the motion of the LPS or a closer packing of the LPS head-group region. The addition of polymyxin B gradually decreased the motion of the spin probe in LPS in a concentration-dependent manner, whereas the addition of EM 49 had little effect on LPS motion until a ratio of approximately 0.5 EM 49 molecules per LPS had been added. Above this concentration, head-group motion was dramatically decreased. The differences in LPS motion at high cation concentrations between isolates from parental and resistant strains was difficult to compare because of the scatter in the data. With some cations, notably PMBN, multiple bound probe peaks were detected in the ESR spectrum during the titration at about one added cation per LPS, suggesting multiple microdomains in the LPS aggregates with different mobilities (data not shown).
DISCUSSION
Previous studies found that the LPS from polymyxinresistant mutants of S. typhimurium contain four-to sixfold greater amounts of arabinosamine, as well as higher amounts of ethanolamine, than the wild-type LPS. The studies suggest that the resistance to polymyxin results from increased esterification of phosphate residue(s), probably in the lipid A part of the LPS (28, 32) . In this study, we proposed that polymyxin resistance in some E. coli strains results from esterification of multiple diphosphates on the LPS. Esterification would decrease the overall negative charge of the core-lipid A region and may preferentially alter polycation VOL. 31, 1987 in antibiotic binding to the LPS and a structural alteration in the LPS. LPS phosphate esterification in the polymyxin-resistant strains is suggested by the decreased cation binding, increased molecular size in SDS-PAGE, and the observation of an increase in 31P NMR peaks corresponding to phosphodiesters. The negative charges in LPS are located on phosphate and KDO residues present in the core-lipid A region. No significant differences in phosphate or KDO levels were observed between LPS of the parental and resistant strains of E. coli. However, fewer metal cations, e.g., magnesium ions, were bound to LPS from the resistant strains than to LPS from the respective parental strains, suggesting that there was either a smaller net negative charge on LPS from the resistant strains or a change in the structure resulting in a lower affinity for some cations.
LPS isolated from the strains of S. typhimurium and E. coli migrated as multiple bands in SDS-PAGE (32; Fig. 2) . Although the E. coli LPS was not well resolved in the SDS-PAGE presented here, it appeared that there was a shift in the amount of LPS in the fast-migrating band to the slower-migrating bands in the resistant strains. LPS from the S. typhimurium strains migrated as a doublet (32) , whereas the LPS from E. coli strains appeared to migrate as a triplet, suggesting at least two different substitutions, each of which may decrease polymyxin binding. The difference in staining intensities of the bands between parental and mutant strains may indicate that the mutation resulted in altering the level of substoichiometric substituents on LPS, rather than adding new substituents. LPS isolates from the polymyxin-resistant strains of S. typhimurium were previously shown to contain increased levels of arabinosamine (32) . That an increase in arabinosamine substitution on lipid A can increase polymyxin resistance is also supported by the high polymyxin resistance of Proteus mirabilis, which has 100% of its LPS substituted with arabinosamine (25) . The 31P NMR analysis of LPS from the parental and polymyxin-resistant E. coli strains established that phosphate groups on the LPS from the resistant strains were esterified to a greater extent than the phosphates of LPS from the parent. The decreased levels of phosphomonoester and increased proportions of diphosphodiesters could readily be detected, but the type of substituents on the diphosphate moieties was not determined. These results are different from those expected from 31P NMR analysis of the S. typhimurium polymyxin-resistant isolates, in which the increased levels of arabinosamine esterified to lipid A phosphate would presumably be observed as an increase in the monophosphodiester peak in the NMR spectrum. Resistance in the two bacterial species then may arise through esterification of different phosphates, possibly with different substituents. There are no reports of diphosphate-linked arabinosamine in LPS, whereas diphosphoethanolamine appears to be quite common (14) . Previous studies showed that the ability of polycationic antibiotics to displace CAT12 from Pseudomonas aeruginosa LPS is correlated with the ability of the antibiotic to increase outer membrane permeability (19) . For each of the LPS salt forms of the E. coli and S. typhimurium strains examined, polymyxin B displaced less CAT12 from the LPS of the polymyxin-resistant mutants than from LPS of the respective parental strains. In addition, PMBN, spermine, and gentamicin binding to LPS was decreased in the resistant strains. This suggests that the ability of polycations to displace CAT12 from LPS from resistant strains may be due to a lower net negative charge on the LPS. However, the greater affinity of EM 49 for LPS of the resistant strains as compared with the parental strains suggests that, in addition to a charge attraction between cations and LPS, there may also be specific binding sites on LPS for certain cations. These binding sites may be altered by changes in the number or the distribution of charged groups on the LPS molecules. The affinity of polycations for LPS from a particular strain may depend on the net charge of the cation and its arrangement of positive charges in relation to the negative charges on LPS, as well as on the presence of hydrophobic sites of interaction. That more than electrostatic interactions are important in binding is suggested by the differences in relative affinities of the pentavalent cations polymyxin B and PMBN, as was also previously reported (34) .
In addition to arabinosamine and ethanolamine substitution, the number and position of LPS phosphates may greatly affect the susceptibility of an organism to polycationic antibiotics. For instance, LPS from P. aeruginosa contains high levels of phosphate (approximately 12 phosphate residues per LPS; 2, 19) and binds aminoglycosides with a high affinity (19) . We propose that there is an ionic attraction between LPS and polycations and that the affinity of a specific cation for LPS from different strains depends, in part, on the number and arrangement of the negative charges onto which polycations can specifically bind. Furthermore, the decreased LPS fluidity, upon binding of antibiotics, suggests a cation-induced alteration of the aggregate packing arrangement. In the intact outer membrane, such a change in the LPS packing could alter membrane permeability. The multiple microdomains with different fluidities that were detected in LPS aggregates may have resulted from probing areas containing different levels of antibiotic. Thus, at low antibiotic concentrations, small sections of the membrane may be initially perturbed, and this disruption may be sufficient to increase the permeability of the membrane overall.
